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Abstract
One of the key component of the Neutrino Factory under study at CERN is the muon cool-
ing channel based on ionization cooling. To explore the parameter-space and the efficiency
of the design proposed at CERN, a muon cooling experiment. This note reports a possible
layout of a transfer line delivering a primary proton beam onto a target to generate the muon
beam. The details of the new transfer line to be installed in the TT1 tunnel are presented

















In the scenario under study at CERN for the Neutrino Factory [1], the muons produced
by the primary proton beam hitting a target have to be cooled down before they can be injected
into the subsequent machines. To reduce the volume in the 6D phase space, ionization cooling
is applied [2]: The muon beam is decelerated by direct interaction with matter and the energy
lost is restored by means of rf cavities. By iterating this process, the longitudinal component
of the beam momentum is increased at the expense of the transverse component. Of course, a
trade-off has to be achieved between the cooling due to the energy loss in matter and the effect
of Multiple coulomb Scattering, as the latter has a natural tendency to heat the beam.
Recently, an original layout for such a cooling channel has been defined at CERN [3, 4].
It is based on a low frequency, 40 and 80 MHz, rf systems. Cavities of similar type are well-
known at the CERN PS machine [5, 6], as they are used to generate the proton beam for the
future LHC [7, 8].
Although the underlying principle is not dubious, there are a number of critical issues
in the engineering part of the cooling channel. Hence, it would be advisable to carry out an
experiment to test all the critical points in the CERN design, in particular the reduction of the
phase space volume as a function of the different cooling channel parameters.
In this framework, a study has been undertaken to find out a convenient location for a
muon cooling experiment at CERN. In Fig. 1, a view of the PS Complex, including the various
machines (Linac, PS-Booster, and PS) together with the transfer lines and experimental areas
is shown. Among different options, the muon cooling experiment could be installed in the TT1
tunnel, the former ISR injection line. This choice has many advantages:
– The tunnel is already available including also some infrastructure.
– The tunnel is long enough to allow the installation of both the proton line and also the
muon transport system downstream of the target.
– The tunnel size would allow the installation of the big rf cavities needed to cool the muon
beam.
– A proton beam can easily be transported in such a line via the TT2 line.
– This choice would leave open the option of installing a facility for target tests in the TT7
tunnel. Such a tunnel was used in the past for neutrino oscillation experiments [9], and
part of the infrastructure used for the target is still in place. The two activities, muon cool-
ing experiment and target tests, could then share the primary proton beam very efficiently.
As far as the primary proton beam is concerned, there are some good candidates, especially the
beam for the future LHC [7, 8]. The only delicate point concerns the extraction mode. To be
able to measure the cooling properties of the channel, an emittance measurement of the muon
beam should be performed. The theoretical value of the emittance reduction of the planned
cooling channel should be of the order of 10 %, thus implying that the emittance measurement
should be accurate to about 1 − 2 %. This seems to be very hard using the standard emittance
measurement techniques (see for instance Ref. [10]).
Recently (see the web site http://www.hep.ph.ic.ac.uk/muons/muonwshop.html), it has
been proposed to replace the standard emittance measurement, with a single-particle measure-
ment of the muon beam: Using the standard techniques of particle tracks reconstruction applied
in high energy experiments, the 6D phase space co-ordinates are measured for each muon and
a reduction factor of the phase space volume derived. For this kind of measurement, a fast ex-
tracted primary proton beam is not the best candidate, as a slow extracted beam would allow for
a higher statistics to be achieved in a much shorter time. Unfortunately, the only place at the PS
machine where a slow extracted beam is available is the East Hall, but it seems that the physics
schedule of the Area does not allow for the installation of a muon cooling experiment.
1
Figure 1: Overall layout of the PS Complex including the ISR tunnel and various transfer lines.
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The plan of this paper is the following: in section 2 the parameters of the primary proton
beams available for the cooling experiment are discussed in details. The layout (geometry and
optics) of the proposed transfer line is presented in section 3, together with an analysis of the
available hardware, while a cost estimate is detailed in section 4. Finally, the conclusions are
drawn in the last section.
2 Beam Parameters
The PS machine can deliver proton beams of very different characteristics. Among all the
possible choices, three seem particularly appealing for the muon test facility, namely
– Low intensity beam: The intensity per bunch is of the order of 5  1011 p with a bunch
length t of 10 ns. The total number of bunches on the target can range between 1 to 16.
The transverse normalised beam emittance rms should be about 1 m in both planes.
– High intensity beam: It is very much like the previous beam, apart for the bunch intensity
which could be a factor ten higher (5  1012 p). The bunch length should be similar to
the previous case. However, the number of bunches cannot exceed 4 due to limitations in
the PS machine. The transverse emittance is proportionally larger than the low intensity
beam: rms  10 m should be considered as a nominal value.
– LHC beam: The last candidate is the recently tested nominal beam for the LHC [7, 8].
The main reason for that is its time structure. The proton beam for the LHC has a natural
structure at 40 MHz (see Fig. 2): The bunches have a t of about 1 ns and a spacing of
25 ns. This feature makes such a beam particularly appealing for the muon test facility.
The bunch intensity is 1:1  1011 p, similar to the low intensity proton beam. Up to
Figure 2: Example of bunch train with 40 MHz structure.
72 bunches can be generated in a single burst. Furthermore, all the complex gymnastics
foreseen for the LHC beam and aimed at producing different bunch spacing [11] can be
applied to this context.
In all the cases considered here, the momentum of the extracted beam is 26 GeV=c. Lower
values of the beam momentum can be envisaged. However, the physical beam emittance will
increase linearly due to the  γ factor.
The main beam parameters are listed in Table 1.
3
Beam parameters Low intensity High intensity LHC-type
p [GeV/c] 26 26 26
Ip [p/bunch]  5 1011  5 1012  1:1 1011
Nb 1− 16 1− 4 1− 72
h,rms [m]  1  10  3
v,rms [m]  1  10  3
t [ns]  10  14  1
∆p=p(2)  1:5 10−3  1:5 10−3  2:5 10−3
Table 1: Main parameters for the different primary proton beams envisaged for the muon cooling
experiment. The bunch length t of the low and high intensity beams can be further reduced by
a factor two using a bunch rotation gymnastics. In this case the momentum spread increases by
the same amount.
As far as the extraction mode is concerned, the following options are available:
– Fast extraction: This is the standard option, available for the whole range of beam mo-
menta up to 26 GeV/c.
– CT extraction: In case longer proton pulse is required (as is the case for single-particle
measurement), a Continuous Transfer (CT) scheme can be envisaged. The beam is ex-
tracted over 5 consecutive turns, thus generating an 11 s long proton pulse. This extrac-
tion mode is routinely used for delivering the high intensity proton beam to the SPS for
the fixed target programme. The nominal extraction energy is 14 GeV/c. The extracted
proton beam can have no time-structure at all (DC pulse) or a modulation at 200 MHz.
A CT extraction at higher energies has never been tried before and a detailed study is
required to assess its feasibility, the main sources of limitations being the electrostatic
septum and the fast bumpers. At 26 GeV/c a time-structure with a modulation at 40 or
80 MHz could be generated on top of the pure DC pulse and the modulation at 200 MHz.
– Slow extraction: This option would be the best one for the single-particle measurement.
However, a slow extraction scheme has never been tried to deliver the beam in the TT2
line. Hence, also in this case, a detailed feasibility study should be carried out. In any
case, the maximum spill length achievable would be about 1 ms (to be compared with the
300− 400 ms nominal spill length of the slow extracted beam delivered to the East Hall)
due to the limitations in the magnetic septum in section 16.
3 Transfer Line
The proton beam is extracted in section 16 and transported in the TT2 transfer line. This
line is used to deliver beam to the SPS machine. The proposed layout, is based on the use of the
TT1 tunnel, the former injection channel for the ISR machine.
3.1 Geometry of the TT1 line
The new transfer line resembles very much the old TT1 line. It branches off TT2 down-
stream the quadrupole QFO205, about 58 m from the beginning of TT2. The angle between
the two lines is 35 mrad. The new transfer line is bent horizontally to fit into the TT1 tunnel
(average bending radius of about 153 m). This is achieved by means of 17 dipoles: 4 generate a
deflection angle of 15:9 mrad each, while the remaining 13 an angle of 31:8 mrad each.
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In the vertical plane, the nominal slope of the TT1 tunnel is zero. The beam height in
the PS machine is 1:26 m, while in TT2 is 1:20 m. The rf cavities used in the cooling channel
should have a radius of about 1:5 m [12]. Hence, a couple of vertical dipoles are installed to
increase the beam height at the target location up to 1:7 m. The projection in the horizontal and
vertical plane are shown in Fig. 3.
The horizontal projection of the TT1 tunnel together with its cross section is shown in
Fig. 4. The target location is clearly seen in the figure: It profits from additional space in the
transverse direction due to the enlarged tunnel cross section ( 6 m instead of 4 m). Further-





















































Beam height 1.7 m
Beam height 1.2 m
Beam height 1.26 m
Figure 3: Geometry of the proposed transfer line. The projection onto the horizontal plane is
shown in the upper part, while the projection onto the vertical plane is shown in the lower part.
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Figure 4: Geometry of the TT1 tunnel where the proposed transfer line should be installed. The
projection onto the horizontal plane is shown in the upper part, while the projection onto the
vertical plane is shown in the lower part.
3.2 Optics of the TT1 line
The transfer line optics is based on the standard fast extraction optics used for the LHC
transfer to the SPS at 26 GeV/c [13, 14]. The optics of the new transfer line is matched to that
of the portion of TT2 upstream the branching point by means of the two sets of quadrupoles,
focusing and defocusing, installed in TT1 to generate a quasi-periodic FODO structure. A low-
beta section at the target location is obtained via a quadrupole doublet.
The optical parameters and the beam envelope along the TT2/TT1 transfer line, as com-
puted by the MAD program [15], are shown in Fig. 5, while the beam size at the target location
for the three beam parameters considered in this note is reported in Table 2.
Hor. radius Ver. radius
1 (mm) 1 (mm)
Low intensity 0:6 0:7
High intensity 1:8 1:9
LHC-type 1:0 1:1
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Figure 5: Optical parameters and beam envelope in the TT2/TT1 transport channel, starting
from the first quadrupole of TT2 up to the target location. The beta-functions are shown in the
upper part, the dispersion function in the middle part, while the beam envelope (1) for both




Both the geometry and the optics of the proposed transfer line have been designed in such
a way to recuperate the maximum number of magnets.
As far as the geometry is concerned, the horizontal deflection is produced by 17 dipole
magnets: The switching magnet between TT2 and TT1 is of type MCA, 4 dipoles are of type
M100, while the remaining 12 elements are of type M200. Both M100 and M200 magnets will
be used with a gap of 110 mm. All of them are available from the PS stock. The two vertical
dipoles are of type MDX with a gap of 100 mm and they are recuperated from the transfer line
FA58. The dipoles are powered in such a way of reducing the number of independent power
converters needed. The control of the beam trajectory is achieved by means of 5 correctors for
the horizontal plane and 5 for the vertical one. They are all recuperated from the LEP machine
and are of type MCH or MCVA respectively.
The optics is generated by means of 12 quadrupoles of type MQ recuperated from the
LEP machine.
3.3.2 Power converters
The new transfer line will be operated in DC mode. This is imposed by the characteris-
tics of the dipole magnets (massive). This allows to recuperate a number of power converters
made available by the LEP dismantling. Another important issue is the number of power con-
verters available. The design of both the geometry and optics of the new transfer line have been
optimised to reduce the number of power converters needed. This is obtained by connecting a
number of magnets in series. In principle, this could have been done for the whole set of hor-
izontal dipoles. However, due to the insufficient number of dipoles of type M200, it has been
necessary to use also shorter magnets, of type M100, thus breaking the original symmetry.
The switching dipole between TT2 and TT1 cannot be connected in series with other
elements: This is imposed by the need of a very short ramping time to enable a pulse-to-pulse
modulation (ppm) mode. No power converter is available for such a magnet. As far as the
other dipoles are concerned, the 4 M100 dipoles are connected in series using an existing (LEP)
power converter, while the remaining M200 elements are divided into four groups of three mag-
nets each. This allows the reduction of the voltage needed, thus matching the requirements of
available power converters (PS stock). The last bending dipole is powered with an existing de-
vice. The two vertical bending magnets are powered independently as is the case for the 10
corrector magnets. In both cases the power converters are recuperated form LEP.
As far as the quadrupoles are concerned, the 10 elements in the periodic part of the struc-
ture are powered by using two power converters recuperated from LEP: One for the string of
focusing elements and the other for the defocusing ones. The doublet used to generate the final
waist, has a couple of independent power converters (LEP type).
The situation concerning the hardware needed for the new transfer line (including its
availability) is summarised in Table 3.
3.3.3 Beam instrumentation
For the optimal correction of the beam trajectory 5 scintillating screens have to be in-
stalled. They will be used also to perform beam emittance measurements of the primary proton
beam. In case the proposed transfer line will be accepted, a detailed analysis will be carried
out to define an optimised layout of the beam profile monitors in view of their use to measure
simultaneously not only the Twiss parameters ; , and beam emittance , but also D; D0 ac-
cording to the new approach described in Ref. [16].
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Power Conv.
Type Name AngleGrad. Current R V/Mag. String V/StringPowerStock Type A/V
(mrad)(T/m) (A) (Ohm) (V) (V) (kW)
H Bend MCA 35 1130.38 0.015 16.96 19.17PS Not avail.
1 Quad MQ 5.20 287.55 0.065 18.69D. Quads 93.45 5.37LEP B10 360/250
2 V Bend MDX 6 237.21 0.315 74.72 17.72FA58 B2 300/200
3 Quad MQ 5.75 317.61 0.065 20.64 F. Quads 103.22 6.56LEP B10 360/250
4 H Bend M102 15.9 293.65 0.195 57.26 4, 5, 6, 7 182.79 16.82PS B12 360/400
5 H Bend M104 15.9 293.65 0.195 57.26 16.82PS
6 H Bend M106 15.9 293.65 0.195 57.26 16.82PS
7 H Bend M113 15.9 293.65 0.195 57.26 16.82PS
8 Quad MQ 5.20 287.55 0.065 18.69 5.37LEP
9 H Bend M200SP 31.8 369.29 0.195 72.01 9, 10, 12 216.04 26.59PS 1000/250
10 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS
11 Quad MQ 5.75 317.61 0.065 20.64 6.56LEP
12 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS
13 Quad MQ 5.20 287.55 0.065 18.69 5.37LEP
14 H Bend M200SP 31.8 369.29 0.195 72.0119, 20, 22 216.04 26.59PS 1000/250
15 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS
16 Quad MQ 5.75 317.61 0.065 20.64 6.56LEP
17 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS
18 H Bend M200SP 31.8 369.29 0.195 72.0123, 25, 26 216.04 26.59PS 1000/220
19 Quad MQ 5.20 287.55 0.065 18.69 5.37LEP
20 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS
21 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS
22 Quad MQ 5.75 317.61 0.065 20.64 6.56LEP
23 H Bend M200SP 31.8 369.29 0.195 72.0128, 29, 31 216.04 26.59PS 1000/220
24 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS 1000/220
25 Quad MQ 5.20 287.55 0.065 18.69 5.37LEP
26 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS
27 H Bend M200SP 31.8 369.29 0.195 72.01 26.59PS 600/130
28 Quad MQ 5.75 317.61 0.065 20.64 6.56LEP
29 V Bend MDX 5.27 208.35 0.315 65.63 13.67FA58 B2 300/200
30 Quad MQ 7.46 412.26 0.065 26.80 11.05LEP 500/50
31 Quad MQ 7.26 401.21 0.065 26.08 10.46LEP 500/50
5 H Corr MCH LEP
5 V Corr MCVA LEP
Table 3: Summary of the hardware availability (magnets and power converters) for the new
transfer line in the TT1 tunnel. the power converters of type B2, B10, and B12 are recuperated
from LEP, while the others are from the PS stock. The very small safety margin for the voltage
drop of the last two strings of bending magnets ( 216 V for 220 V delivered by the power
converter), could be improved by using three strings of two magnets each (the additional power
converter being already available).
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In addition to measurements of optical parameters, the beam intensity has to be moni-
tored. For this a beam current transformer is necessary. All those devices are not available and
should be built.
4 Cost Estimate
Although the framework is different, the new transfer line presented in this note is not
totally different with respect to the layout presented in Ref. [17]. For this reason, it has been
decided to revise the cost estimate presented therein, to fit the present layout and framework.
Unless otherwise stated, the cost estimate quoted in [17] is taken here plus a safety factor of
50 %.
– Magnets: All the magnets are available. No cost is assumed here.
– Vacuum pipes: The length of the transfer line is similar to the one considered in [17].
Total estimated cost: 300 kCHF
– Instrumentation: According to a new evaluation, the cost of the beam current transformer
is about 10 kCHF [18], while a complete scintillating screen station is 40 kCHF [19].
Total estimated cost: 210 kCHF
– Power converters: All the power converters are available apart for the one powering the
switching magnet (estimated cost is 200 kCHF [20]). An amount of 10 kCHF per power
converter should be allocated (consolidation) [20]. The estimate for the cables quoted
in [17] is assumed here with an increase of 50 %.
Total estimated cost: 835 kCHF
– Civil engineering: A new power converter building has to be built. The building 366,
presently used to house the power supplies of the magnets installed in TT2, has no more
room for new devices. The new building is similar to that one described in [17]. The same
price estimate for the refurbishment of the TT1 tunnel is considered here.
Total estimated cost: 705 kCHF
– Electricity: The estimate quoted in Ref. [17] is taken here.
Total estimated cost: 270 kCHF
– Water cooling: The total power dissipated by the magnets of the TT1 line is about 545 kW.
The demineralized water could be assured by the LEAR station (bldg 234). This station
produces 2:45 MW of demineralized water, which corresponds to some 140 m3/h. The
linac machine requires some 0:8 MW, hence there is the possibility to cool the magnets
of the TT1 line. The figures quoted in [17] are assumed as reasonable estimate for the
new framework presented here.
Total estimated cost: 75 kCHF
– Ventilation: As it was observed for the previous feasibility study [17], the air handling unit
already installed in TT1 has to replaced by a new device. The same estimate as in [17] is
taken here.
Total estimated cost: 45 kCHF
– Vacuum: It seems reasonable to assume the same pumping system as the one presented
in [17]. If the price of cables is neglected (the details of the possible implementation are
not known), one can assume the same cost as in [17].
Total estimated cost: 180 kCHF
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– Target: The target used to convert the primary proton beam into pions and muons will be
much simpler than the one considered in the preliminary feasibility study for the neutrino
experiment at PS [17].
Total estimated cost: 200 kCHF
– Access control: As in Ref. [17], the TT1 transfer line should be considered a primary line
as is the case of TT2.
Total estimated cost: 315 kCHF
– Controls: The price estimate quoted in [17] is considered here.
Total estimated cost: 225 kCHF
– Manpower (industrial support): The approximate amount quoted in [17] is considered
here with the safety margin.
Total estimated cost: 600 kCHF
Grand Total: 3960 kCHF
The installation time should last about two years overlapping a normal PS shut-down.
5 Conclusions
The design of a new transfer line in the TT1 tunnel has been presented. It is meant to
transport a primary proton beam onto a target to generate a secondary muon beam for a cooling
experiment.
Three different beams can be envisaged for this facility: Low intensity, high intensity and
LHC-type. The extraction mode can be chosen between a standard fast extraction or a CT ex-
traction. No slow extraction can be envisaged.
The layout fits well the characteristics of the existing TT1 tunnel, and the optics gives
fully satisfactory beam size at the target.
As far as the hardware is concerned, all the magnets (dipoles, correctors, quadrupoles)
are available, either from the PS stock or from LEP material. Only one power converter has to
be built, the others being available.
Finally, a cost estimate has been prepared. The costs concerning the power converters
and beam instrumentation have been computed. The estimate for the remaining items has been
deduced from the figures quoted in Ref. [17] plus an increase of 50 % (to account for contin-
gency and safety margin). This seems quite reasonable due to the many similarities between
the two projects at least as far as the transfer lines are concerned. Under these assumptions,
the estimated total cost of the new line for the muon cooling experiment, is about 4 MCHF.
The manpower required is 10 men/year over one year, and the installation period should be two
years in between a normal PS shut-down.
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